12 13 KEYWORDS 1 Daily torpor, hibernation, active hypometabolism, CAGE, transcriptome, transcription 2 starting site, torpor deprivation. 3 4 estimated the negative feedback gain (H) and the theoretical target temperature (TR) (°C) of 21 B6N from the VO2 and TB observed at various TAs. As it was described in our previous 22 study (Sunagawa and Takahashi, 2016), we applied the recorded VO2 and TB to a statistical 23 model. The estimated median H dropped 83.8% during torpor ( Figures 1F and 1G) while 24 the TR dropped slightly (the estimated median TR difference from normal to torpor was 25 0.25 °C; Figures 1F and 1H) . To compare these parameters with B6J mice, we recorded the 26 TA = 28 °C data missing in our previous study and recalculated both the H and TR for B6J 27 mice using TAs of 8, 12, 16, 20, 24 and 28 °C ( Figure S1E ). In this case, they showed a 28 94.0% drop in the estimated median H and 0.68 °C drop in TR during torpor. Based on the Both the minimal TB and the minimal VO2 during torpor of B6J, B6NJ-F1, and B6JN-F1 21 were lower than that of B6N ( Figure S1J ). 22
SUMMARY
Mice enter an active hypometabolic state, called daily torpor, when they experience a 2 lowered caloric intake under cool ambient temperature (TA). During torpor, the oxygen 3 consumption rate (VO2) drops to less than 30% of the normal rate without harming the 4 body. This safe but severe reduction in metabolism is attractive for various clinical 5 applications; however, the mechanism and molecules involved are unclear. Therefore, here 6 we systematically analyzed the expression landscape of transcription start sites (TSS) in 7 mouse skeletal muscles under various metabolic states to identify torpor-specific 8 transcription patterns. We analyzed the soleus muscles from 38 mice in torpid, non-torpid, 9 and torpor-deprived conditions, and identified 287 torpor-specific promoters. Furthermore, 10 we found that the transcription factor ATF3 was highly expressed during torpor deprivation 11 and that the ATF3-binding motif was enriched in torpor-specific promoters. Our results 12 demonstrate that the mouse torpor has a distinct hereditary genetic background and its 13 peripheral tissues are useful for studying active hypometabolism. 14
Mammals in hibernation or in daily torpor reduce their metabolic rate to 1-30% of that of 2 euthermic states and enter a hypothermic condition without any obvious signs of tissue 3 injury (Bouma et al., 2012; Geiser, 2004) . How mammals adapt to such a low metabolic rate 4 and low body temperature without damage remains as one of the central questions in 5 biology. Mammals maintain their TB within a certain range by producing heat. In cold, the 6 oxygen requirements for heat production increases, at a rate negatively proportional to the 7 body size (Heldmaier et al., 2004) . Instead of paying the high cost for heat production, 8 some mammals are able to lower their metabolism by sacrificing body temperature 9 homeostasis. This condition, in which the animal reduces its metabolic rate followed by 10 whole-body hypothermia, is called active hypometabolism. As a result, the homeostatic 11 regulation of body temperature is suppressed, and the total energy usage is spared. This 12 hypometabolic condition is called hibernation when it lasts for a season, and daily torpor 13 when it occurs daily. 14 Four conditions have been proposed to occur in active hypometabolism in 15 mammals (Sunagawa and Takahashi, 2016): 1) resistance to low temperature, 2) 16 resistance to low oxygen supply, 3) suppression of body temperature homeostasis, and 4) 17 heat production ability under a low metabolic rate. Of these conditions, 1) and 2) were 18 found to be cell/tissue-specific or local functions, which prompted researchers to analyze 19 genome-wide molecular changes in various tissues of hibernators, including brain, liver, 20 heart, skeletal muscles, and adipose tissues. A major role of differential gene expression in 21 the molecular regulation of hibernation was first suggested by Srere with co-authors, who 22 demonstrated both mRNA and protein upregulation of α2-macroglobulin during torpor in the 23 plasma and liver of two ground squirrel species (Srere et al., 1995) . With the development 24 of high-throughput sequencing approaches, such as RNA-seq and microarrays, series of 25 transcriptomic investigations were conducted in well-studied hibernating animals, including At the same time, due to the lack of detailed genome information about 6 hibernators, i.e., squirrels, bats, and bears, the interpretation of high-throughput sequencing 7 results is challenging. Instead, the mouse, Mus musculus, has rich genetic resources and 8 could overcome this weakness. One noteworthy feature of this animal is the abundant 9 variety of inbred strains and the diverse phenotypes. For example, the sleep phenotype 10 The goal of this study was to analyze contribution of the genetic background to the 21 torpor phenotype by introducing the mouse as model for active hypometabolism, taking 22 advantage of the rich and powerful genetic technologies available for this animal. First, we 23 found that two genetically close mice inbred strains, C57BL/6J (B6J) and C57BL/6NJcl 24 (B6N), exhibit distinct torpor phenotypes; B6N has a higher metabolism during torpor and a 25 lower rate of torpor entry. To clarify the genetic link to the mouse torpor phenotype, we 26 performed Cap Analysis of Gene Expression (CAGE) in soleus muscles taken from 38 27 animals under various metabolic conditions. We found that entering torpor and restoring 28 activity were associated with distinct changes in the transcriptomic profile, including marked 29 changes in promoter shapes. Finally, we present evidence that the torpor-specific 1 promoters are related to the genetic differences in these inbred strains. 2
RESULTS

1
Torpor Phenotype in Mice is Affected by Genetic Background. 2 We previously showed that 100% of B6J mice enter daily torpor when they are deprived of 3 food for 24 hours under a TA of 12 to 24 °C (Sunagawa and Takahashi, 2016). B6N is an 4 inbred strain that is genetically close to B6J ( 2013). Therefore, we decided to compare the daily torpor phenotype between these two 8 strains. 9
First, we tested whether the torpor induction method developed for B6J could be 10 applied to B6N. We set a B6N mouse into the test chamber on day 0 and used the 72-hour-11 data from the beginning of day 1 for analysis. Keeping the animal in a constant TA, we 12 removed the food for 24 hours from the beginning of day 2 ( Figure 1A ). TB and VO2 were 13 simultaneously recorded for 72 hours, and the first 24 hours of data were used to estimate 14 the individual basal metabolism of the animal. The metabolism was evaluated every 6 15 minutes, and when it was lower than the estimated baseline, the animal was defined to be 16 in a low-metabolism condition. In this study, when the animal showed low metabolism 17 during the latter half of the second day, which is the dark phase in which mice are normally 18 active, the state was labeled as "torpor". Figure 1B shows a representative torpor pattern of 19 a male B6N mouse. We tested the torpor entry rate of B6N mice by inducing torpor at 20 various TAs, (8, 12, 16, 20 , 24 and 28 °C) (Figures S1A and S1B). B6N mice entered torpor 21 at a peak rate of 100% at TA = 16 °C, but the rate decreased at higher or lower TAs (Figure  22 1C). Notably, at TA = 8 °C, more than 60% of the animals died without entering torpor. The 23 overall entry rates were lower than those of B6J, which enter torpor at 100% when TA = 12 24 to 24 °C (Sunagawa and Takahashi, 2016). 25
We next examined how the metabolism varied with the TA changes in B6N mice. 26
Specifically, the minimal VO2 and the minimal TB during normal and torpid states over 27 various TAs were entered into a statistical model to obtain the posterior distributions of 28 parameters of the thermoregulatory system (Sunagawa and Takahashi, 2016). Because 29 mice are homeothermic, the minimal TB under normal conditions was expected to be 1 unaffected by TA. We calculated the unit-less slope a1 defined by the change in TB against 2 unit TA change. When a specific total probability α is given, the highest posterior density 3 interval (HDPI) is defined by the interval of a probability density, which includes values more 4 credible than outside the interval and the total probability of the interval being α. In this 5 case, the given dataset was predicted to have an 89% HDPI of a1 as [0.054, 0.103] 6 (Figures 1D and S1C; hereafter, 89% HDPI will be indicated by two numbers in square 7 brackets.). Thus, under normal conditions, TB had a very low sensitivity against TA; when TA 8 changed 10 degrees, the TB changed no more than 0.5 to 1 degree. In contrast, during 9 torpor, the minimal TB was more sensitive to TA, which was described by a larger a1 than 10 under normal conditions (a1 during torpor was [0.166, 0.312]; Figures 1D and S1C). The 11 VO2 also differed between the normal and torpid conditions in B6N. In a homeothermic 12 animal, VO2 decreases when TA increases because less energy is needed for heat 13 production. This was, indeed the case in B6N mice ( Figure 1E ). The slope a2 (ml/g/hr/°C), 14 defined by the negative change in VO2 against unit TA change, was estimated to be [0.199, 15 0.239] ml/g/hr/°C under normal conditions ( Figure S1D ). During torpor, however, the 16 animals reduced their VO2 to nearly half of value under the normal condition (a2 during 17 torpor was [0.091, 0.126] ml/g/hr/°C; Figures 1E and S1D). Thus, both TB and VO2 showed 18 hypometabolic transitions during torpor in B6N mice. 19
To compare the function of the heat-production system between B6J and B6N, we 20 estimated distributions, during torpor, B6N mice had a smaller H than B6J (∆H was [0.020, 1 0.366], which was totally positive; Figure S1F ). Interestingly, ∆TR during torpor was [-1.47, 2 3.33] °C, which included zero in the 89% HDPI, indicating that the difference between B6J 3 and B6N was not clear in these groups ( Figure S1G ). 4
To confirm that the phenotype difference between B6N and B6J was not sex-5 specific, we recorded the torpor phenotypes of female B6J and female B6N at TA = 20 °C 6 (Figures S1H and S1I). As observed in males, the females showed similar minimal TR and 7 VO2 under the normal condition, and B6N showed a higher metabolic rate during torpor 8 than B6J. During torpor, the estimated minimal TB was [29. 1, 33 respectively. Both 89% HPDIs were greater than zero, which mean the probability that B6N 13 has a higher minimal TB and VO2 during torpor than B6J is greater than 89%. 14 Because inbred strains have an identical genomic background, our results strongly 15 indicate that the torpor phenotype is related to the genomic difference between these two 16 inbred strains. To examine this possibility, we crossed B6J and B6N and evaluated the 17 torpor phenotype of their offspring. We performed two types of mating combinations: female 18 B6N with male B6J (B6NJ-F1) and female B6J with male B6N (B6JN-F1). In both 19 combinations, the F1 generations showed the B6J phenotype during torpor ( Figure 1K ). 20 not show clustering within the Mid group according to metabolic state (Figures 2C and 2D),  1 indicating that the hourly oscillatory change in metabolism during torpor is based on a 2 transcription-independent mechanism. 3 To test the reproducibility of this experiment, we performed another independent 4 set of samplings and CAGE analysis (experiment #2). We obtained 2, 5, and 3 samples for 5 the Pre, Mid, and Post states, respectively. In experiment #2, the VO2 at sampling showed 6 a similar pattern as in experiment #1 ( Figure S2A ), and the MDS plot showed that the Pre 7 and Post groups had a distinct transcriptome profile from the Mid group (Figures S2B and 8 S2C). These results were consistent with those of experiment #1. 9
To gain insight into the biological process underlying the reversible expression 10 was compared to the baseline to test the significance ( Figure 5A ). All 13 pathways showed 1 significant enrichment (p < 0.05) indicating that the SNPs in B6J/B6N are strongly involved 2 in the torpor-specific pathways. 3
Next, we tested the enrichment of SNPs at each promoter group. There were two 4 up-and four down-regulated promoters in the torpor-specific group that had at least one 5 SNP ( Figure 5B ). Possibly due to the low number of SNPs in this dataset, we were not able 6 to confirm a significant enrichment in torpor-specific promoters. The detailed position of the 7 SNP in six promoters; Plin5 and Sik3 as up-regulated and Creb3l1, Bhlhe40, Rrad, and 8
Lrn1 as down-regulated promoters, are illustrated in Figures S5A and S5B . 9
Finally, we tested how the SNPs were distributed in the promoter region in each 10 group. We calculated the SNP density at a given position from the TSS ( Figure 5C ). The 11 results indicated that SNPs tended to be enriched 5 kbp upstream from the TSS of torpor-12 specific down-regulated promoters. 13
These results collectively indicated that B6J/B6N SNPs may explain the torpor 14 phenotype difference in these two strains. In particular, the SNPs that were highly enriched 15 in the torpor-specific pathways designated the possible origin of the dissimilar torpor 16 phenotypes. 17
Mouse Torpor as a Model System for Active Hypometabolism 2
One goal of this study was to introduce mouse torpor as a study model for active 3 hypometabolism. Hibernation is the most extreme phenotype of active hypometabolism, 4 and there is a physiological distinction between hibernation and daily torpor (Ruf and 5 Geiser, 2015). We recently showed that mouse torpor shares a common thermoregulation 6 mechanism with hibernation in which the sensitivity of the thermoregulatory system is 7 reduced (Sunagawa and Takahashi, 2016). 8
In this study, we extended our previous work by evaluating another inbred strain 9 B6N. Despite the close genetic distance between B6N and B6J, we found that they had 10 distinct torpor phenotypes (Figures 1F and S1E) due to a difference in heat production 11 sensitivity ( Figure S1F ). Various inbred strains are reported to have distinct phenotypes, 12 indicating a genetic involvement in torpor phenotypes (Dikic et al., 2008) . Our findings 13 strengthen this idea, because B6N and B6J have a very small genetic difference but a clear 14 difference in torpor phenotypes. We also showed that the inbred strain-specific torpor 15 phenotype is inheritable ( Figures 1K and S1J ), further validating the link between genetic 16 background and torpor phenotype. 17 18
Torpor-specific Transcriptions Differ from those of Hibernation and Starvation 19
In this study, we identified 287 torpor-specific promoters in mouse skeletal muscle (Figure 20 4A). Specificity was assured by including both reversible and hypometabolic promoters 21 ( Figures 2A and 3A) . The results enabled us to identify likely metabolic pathways that are 22 enriched during torpor ( Figure 4D ). 23
Circadian rhythm was the most enriched KEGG pathway by torpor-specific 24 promoters ( Figure 4D ). The circadian clock is important in organizing metabolism and 25 energy expenditure (Tahara and Shibata, 2013). In our study, the core circadian clock gene 26 per1 was up-regulated torpor-specifically, and arntl1 was up-regulated in the reversible 27 experiment. Because per1 and arnlt1 are normally expressed in reversed phases, our 28 results in which both components were up-regulated together indicated that the circadian 29 clock was disrupted in the skeletal muscle during torpor. Most past studies have focused on 1 the involvement of the central circadian clock (Ikeno et al reported, suggesting a potential hibernation capability of mice (Han et al., 2015) . According 19 to our data, Pparα is upregulated in torpid mice muscle along with several target genes 20 associated with cholesterol metabolism and fatty acid transport. Remarkably, Ppargc1a 21 gene, encoding PGC-1α (peroxisome proliferator-activated receptor-γ coactivator-1) was 22 also over-expressed in mice during torpor. Recently, PGC-1α activation was suggested to 23 be responsible for protecting skeletal muscle from atrophy during long periods of torpor in 24 hibernators (Xu et al., 2013a). Our results suggest that a similar pathway may be activated 25 in mouse torpor as well. 26
We found that the insulin/Akt and mTOR signaling pathways, which have roles in 27 skeletal muscle remodeling and metabolic rate depression, were enriched. Previous studies 28 showed that insulin signaling is inhibited in the skeletal muscle of torpid gray mouse lemurs 29 down-regulation of igf1, which encodes IGF-1, and an activation of mtor, which encodes 6 mTOR, in torpor, which appear to be paradoxical to past studies. 7
The Insulin/Akt pathway also controls the phosphorylation and activation of the 8 FOXO1 transcription factor, a disuse atrophy signature that upregulates the muscle-specific 9 ubiquitin ligases trim63 (MuRF1) and fbxo30 (Atrogin-1). In our study, we found that 10 were up-regulated during torpor, indicating that atrophic changes is also progressed. 17 Furthermore, mTOR activation was found, which is a signature of muscle hypertrophy. 18
Thus, we can conclude that mouse torpor has a unique transcription profile, sharing 19 signatures with hibernation, starvation-induced atrophy, and muscle hypertrophy. 20 21
Dynamics of Torpor-specific Transcriptions 22
The deep CAGE technology enabled us to evaluate the dynamics of the torpor-specific 23 promoters. We found that down-regulated torpor-specific promoters were narrower than 24 other muscle promoters ( Figures 4E and 4F ). However, the GC content of the torpor 25 promoters was not significantly different from that of all muscle promoter regions ( To gain insight about the upstream network of torpor, we evaluated a torpor-29 deprived condition. Note that this dynamic state, the torpor-deprived condition, is very 1 difficult to induce in hibernators, because very little stimulation can cause them to halt 2 torpor induction. Taking advantage of this torpor-deprivation state in mice, we identified 3 transcription factor ATF3 as a candidate factor that is correlated with the need to enter 4 torpor. Atf3 is a well-known stress-inducible gene ( ). In the current 7 study, Atf3 was identified not only as a stress-induced gene, but also as a torpor-drive 8 correlated factor. Torpor is an active-hypometabolic condition, which can be described as a 9 physiological ischemia. Although we lack direct evidence, we propose the hypothesis that 10
Atf3 may be a factor mediating the initiation of hypometabolism, and because of that, it is 11 expressed to protect the organs under stressful conditions such as ischemia. 12
Another advantage of deep CAGE is the rich information obtained about the 13 promoter region of the expression of interest. This study exploited our finding that B6J and 14 B6N have different torpor phenotypes. To identify which SNP was responsible for the 15 phenotype difference, we used all of the data acquired in this study. Although the down-16 regulated torpor-specific promoters tended to have more SNPs, we were unable to identify 17 specific SNPs related to the torpor phenotype from observation ( Figure 5B ). Therefore, 18 further study is needed to test how the candidate SNPs ( Figures S5A and S5B ) affect the 19 torpor phenotype by genetic intervention. 20 21
Fundamental Understanding of Active Hypometabolism for Medical Applications 22
The overall results of this study indicate that the mouse is an excellent animal for studying 23 (A) Torpor-specific promoters were defined by the intersection of reversible and 2 hypometabolic promoters. Up-regulated torpor-specific promoters (n = 226), which were 3 CAGE clusters that were highly expressed exclusively during torpor, were at the 4 intersection of the up-regulated reversible (n = 589) and hypometabolic promoters (n = 5 330). Down-regulated torpor-specific promoters (n = 61), which were CAGE clusters that 6 were highly suppressed exclusively during torpor, were at the intersection of down-7 regulated reversible (n = 277) and hypometabolic promoters (n = 137). 
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